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We report on a measurement of the forward-backward charge asymmetry in e "e " —gg at KEK
TRISTAN, where the asymmetry is near maximum. We sum over all flavors and measure the asym-
metry by determining the charge of the quark jets. In addition we exploit flavor dependencies in the jet
charge determination to enhance the contributions of certain flavors. This provides a check on the
asymmetries of individual flavars. The measurement agrees with the standard model expectations.

PACS number(s): 13.65.+i, 13.10.+q

INTRODUCTION

The forward-backward charge asymmetry in e Te ~ an-
nihilation is sensitive to the interference of photon and
Z° as the mediating bosons and is therefore a good test of
the standard electroweak theory. Previously [1] we re-
ported a measurement of the forward-backward asym-
metry in all quark flavors combined using a 27.4pb ~!
sample of e e ~—qg. Here we repeat the measurement
using 179pb ~!. The added statistics allow us to make a
detailed study of various methods for determining the
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charge of a jet and take advantage of their different
characteristics to enhance the asymmetry contribution of
different flavors. This allows a check of individual quark
asymmetries.

FORMALISM OF ASYMMETRY

The electroweak theory allows electron-positron an-
nihilation into quarks through two channels: y exchange
and Z° exchange. The different cross section for

ete” —{7,Z% —qgis
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do _ 3a’
E—=K[Rq(1+cos20q)+chos0q] , (1)
where 0, is the production angle of the quark measured

from the electron direction. The coefficients Rq and Bq

contain the couplings of the ¥ and Z° to the fermions (g,
g,et,and e 7). They are given by

R,=Q2—8Q grgiRe(x)+16(gi*+g ) gf*+2P)IxI*,
)
B,=16Q,g%g%Re(x)+128¢5gh2585%1xI*, 3)

where Q, is the electric charge of the quark, gj and gf
are the weak vector couplings of the electron and the
quark, and g§ and g4 are the weak axial vector couplings
of the electron and the quark. Y contains the Breit-
Wigner function of the Z:

_ 1 s
X 16sin%0y,cos20y, (s —M2+iM,T,)

4)

There are some general features that are worth noting.
The differential cross section contains two terms. The
Rq(l+cos29q) term is symmetric in cosf, and has the
angular form expected from QED for spin-] particles.
The B,cosf, term is asymmetric in cosf, and does not
appear if only the QED (y exchange) diagram is used.
The qu term, within R, comes purely from y exchange
(QED). The |x|? terms come purely from Z° exchange
(weak). The Re(y) terms come from interference be-
tween 7 and Z° exchange (electroweak). Notice that the
purely weak terms have a maximum when Vs =M 7 as
expected. Likewise, the interference terms drop out in
both the pure QED limit (Vs =0) and in the pure weak
limit (Vs =M,).

The asymmetry of B, in cosf, causes the backward
direction (cosf, <0) to be favored over the forward
direction. This gives rise to a forward-backward asym-
metry which can be defined as the percentage of excess
events in the forward direction, ie., A=
(Np—Npg)/(Np+Ng). Within the electroweak formal-
ism, this asymmetry can be written in terms of the cou-
pling coefficients as 4, =3(B, /R, ). It is then possible to
rewrite the differential cross section in terms of the
forward-backward asymmetry as

do _ 3a?

d—Q_FRq[(l'Fcoszoq)'i'%choseq] : (5)

At KEK TRISTAN energies, B, (and therefore the
asymmetry) is dominated by the electroweak interference
term so its measurement in this energy region is a sensi-
tive test of electroweak interference. The standard model
[2] predictions for the asymmetries are shown in Fig. 1.
Notice that their magnitudes are near maximum and
nearly equal in the KEK TRISTAN energy region.

It is only feasible to measure the forward-backward
asymmetry directly for heavy quarks, and then only with
a reduced efficiency [3]. Alternatively, we combine all
five quark flavors and study the asymmetry in hadron
production. As a result, the production angle needs to be
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FIG. 1. Forward-backward asymmetry of quark production
as a function of the center of mass energy V’s. The dashed line
is for u quarks, the dot-dash line is for d quarks, and the solid
line is for all quark flavors combined using the quark charge to
determine the direction.

redefined since the direction of the outgoing quark can-
not be unambiguously determined. So the electric
charges of the quark jets are determined and the produc-
tion angle is defined to be between the incoming negative
charge (i.e., the electron) and the outgoing negative
charge (i.e., the d,s,b quark or the u or c antiquark).
Since it includes all hadron production events and is
defined with respect to electric charge the asymmetry
which is measured is called the hadronic charge
asymmetry.

Defining the production angle with respect to charge
causes a 180° change for up-type (u and c¢) quarks which
flips the sign of their asymmetry. This makes the up-type
quarks and down-type quarks have nearly equal and op-
posite asymmetries. When they are combined in the had-
ron asymmetry there is near cancellation. The cancella-
tion is not complete since up-type quarks are produced
more often than down-type quarks in the KEK TRIS-
TAN energy region. The resulting asymmetry is around
+10% at 60 GeV as shown in Fig. 1.

EVENT SELECTION

The measurements described here are made with the
AMY detector using a 179pb ~! sample of 17085 mul-
tihadronic events. Charged particles with sufficient
momentum transverse to the beam axis, Pr>0.4 GeV,
are tracked in a 3 T solenoidal field with good efficiency
over the angular range |cos@| <0.85. The thrust axis,
calculated using only charged particles, is used as the
production angle of the quark pair. Monte Carlo studies
show that the thrust axis corresponds to the quark pair
direction to within about 5° at 1o. The particles are di-
vided into two hemispheres by the plane perpendicular to
the thrust axis. These hemispheres are henceforth called
jets.

To assure containment of the jets in the central detec-
tor, we require that the thrust axis be well within the
detector’s acceptance, i.e., |cos@y| <0.65. To remove
events with high-energy gluon radiation, a thrust require-
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ment of T >0.85 is used. In addition, the JADE cluster-
ing algorithm [4] is used [ Y, =(13/E)?] and events with
more than three clusters are discarded. To suppress
initial-state radiation effects, events with isolated photons
having E, >4 GeV are cut. 11445 events meet these re-
quirements.

JET CHARGE METHODS

We will examine and use various methods to determine
which jet corresponds to the negative quark-antiquark
direction. But, in none of them is it possible to correctly
identify the negatively charged jet for every event. Any
misidentification will affect the asymmetry by mistakenly
inverting each misidentified event from the forward re-
gion to the backward region, or vice versa. If P, is
defined as the percentage of events of flavor g for which
the sign of the jet charge is correctly identified, then the
number of g events measured to be in the forward and
backward directions are N=P Np+(1—P,)Np and
Ng'=P, Ny +(1—P,)Ng, where the superscript M is used
to indicate that the effect of misidentification has been in-
corporated. @ The measured asymmetry is then
AY=(NY—Ng"H/(N'+Ny')=(2P,—1)4,. There is
also the possibility that the selection cuts favor some
flavors more than others. To account for this, f, is
defined to be the fraction of g events passing the cuts.
The values for the P,’s and f,’s depend upon the method
used to determine the jet charge and are determined from
Monte Carlo studies [5]. Including the P’s and fs in the
original definition of asymmetry a prediction for the ha-
dronic charge asymmetry can be written as

_dE SR, (2P, —1) 4,
A'{u: q =d,u,s,c,b (6)

E fq’Rq’

q'=d,u,s,c,b

This expresses the hadronic charge asymmetry as a sum
of the asymmetries of the individual flavors. The contri-
bution which each flavor’s asymmetry makes to the sum
is weighted by the P and f values for that flavor as well as
its production rate (specified by the R terms). To make
A, large (and therefore easy to measure) it is important
to make the P,’s and f,’s as large as possible. However,
it is also interesting to measure A, using several different
jet charge methods which have different P, or f, values
for different flavors. This will enhance the contribution
to the asymmetry sum of different flavors and provide a
check on the asymmetries of individual flavors.

An initial approach to determine the jet charge is to
simply sum the charges of all the particles in each jet.
However, many of the events have neutral jets and there-
fore give no information. As a result, the sign of the
charge is determined correctly in only 55% of u events
(for example). The rest of the events are either incorrect-
ly identified or indeterminate. The primary problem with
this method is that it is very sensitive to the low-
momentum charged particles resulting from the soft
parts of the fragmentation and which cannot really be
confidently assigned to one jet or the other.

An alternative method which circumvents this problem
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is to use the charge of the highest-momentum charged
particle in the jet. This is called the Ileading
particle method, and it relies on the assumption that the
soft particles in the jet come from the soft fragmentation,
while the leading (i.e., highest momentum) particle comes
from the original quark. The performance of this method
is slightly better. It correctly identifies the sign of the jet
charge in 62% of u jets. However, there are many events
for which the ¢ and g jets have the same charge so that
although one jet is correctly identified, it is impossible to
tell which one is correct and which is incorrect. Such
events would have to be cut, drastically reducing the data
sample.

It is arbitrary to use only the leading particle since
there are often several particles with high momentum. A
better approach would be to include all the particles but
to weight each particle’s contribution by a
fragmentation-sensitive property such as its momentum
or its pseudorapidity with respect to the jet axis. This
weighting is meant to lessen the effect of the particles
produced in the soft part of fragmentation [6].

Using pseudorapidity as a weighting, the jet charge
could be defined as

IV
S anf
i=1
Qjet ' N s
>

i=1

i
3

where the sum runs over all the particles in the jet, g; is
the charge of the ith particle in the jet, and 7, is its pseu-
dorapidity with respect to the jet axis. « is a parameter
which can be varied to change the strength of the weight-
ing. This definition amounts to a pseudorapidity-
weighted average of the particle charge. To use momen-
tum as a weighting, 7; would be replaced by |p;|. It is in-
teresting to note that, aside from a division by the num-
ber of particles, the weighting method reduces to the ini-
tial charge sum method in the limit k=0, and to the lead-
ing particle method in the limit k— . Figure 2(a) shows
the jet charge distribution for up-type quarks with pseu-
dorapidity weighting and k=1. The performance of this
method is rather good; the sign of the charge is deter-
mined correctly in 71% of the u jets. Weighting with
momentum is similar.

Since the goal is to differentiate between the g and the
g, all that is necessary is to determine which of the jets is
the more negatively charged jet. Because of that, it is
better to look at the charge difference between the two
jets, and to define the negative jet as the one with the
smallest charge, even if both jet charges happen to be
positive. This improves the percentage of correctly
identified u events to 77%. A distribution of the charge
difference, AQ, is shown for u quarks in Fig. 2(b).

The « exponent in the jet charge sum is intended to al-
low the strength of the weighting to be varied. Figure 3
plots P as a function of k for each flavor. The plot is
shown for both pseudorapidity weighting and momentum
weighting. For momentum weighting, a value of k=~
gives a peak for most flavors. For pseudorapidity weight-
ing, the peak occurs at k=~ 1. The resulting P, values are
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800 - TABLE 1. This table lists the percentage of correctly
| (a) identified events for (a) pseudorapidity weighting with k=1, (b)
600 — momentum weighting with K=%, (c) pseudorapidity weighting
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FIG. 2. Jet charge distribution for u quarks using a
pseudorapidity-weighted average charge (k=1). (a) The distri-
bution for a single jet. (b) The distribution of the charge
difference between jets.

shown in Table I.

Notice from Fig. 2(b) that requiring that there be some
minimum charge difference, AQ,;,, between the two jets’
charges would improve P. As an extreme example, if
only events for which AQ > 1.0 are used, then P, would
increase to 94%. Of course, however, this would cut
many events. A more conservative value of AQ_;  =0.15
increases the P values (P, =82%) without seriously re-
ducing the statistics of the data sample. The resulting P,
values are shown in Table I.
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FIG. 3. The percentage of events for which the sign of the jet
charge is correctly identified is plotted as a function of the
weighting parameter k. (a) Uses pseudorapidity weighting. (b)
uses momentum weighting.

Figure 3 has some interesting features. For k—0, P,
and P, become equal as do P,, P, and P,. This is sensi-
ble since k=0 removes all the flavor-dependent hadroni-
zation effects from the jet charge. However, as k in-
creases the hadronization-related parameter (7 or |p|)
causes differences among the flavors. This is most notice-
able in P, which drops drastically above x=1.0 in
momentum weighting. There is a similar effect in pseu-
dorapidity weighting but it is much less pronounced.
This effect can be understood in terms of the differences
between light-quark and heavy-quark hadronization.

For our purposes, hadronization is thought of as
occurring in two distinct phases; fragmentation [7] and
decay. Both phases exhibit differences between the light
and heavy quarks. The fragmentation is soft in light
quarks and hard in heavy quarks. As a result, a heavy
quark tends to form a single high-momentum, heavy
meson and several very-low-momentum, light mesons
while a light quark tends to form mesons without very
high momentum. The decay phase is important in heavy
quarks since the heavy mesons formed in the fragmenta-
tion phase can give large transverse momentum to their
decay products while the decay of mesons produced by
light quarks does not.

These features explain the different jet charge behavior
of the heavy quarks. As an example, a ¢ quark is likely to
produce a D*7 as the primary meson. Typically this
meson will carry about 70% of the total jet energy. The
D** usually decays into D% where the 7" ends up
with very low momentum. In effect, this decay throws
away the charge information by sending it into a soft par-
ticle. With momentum weighting, as « is increased soft
particles are given very little weighting so that such
events cause P, to decrease sharply as k becomes large.
Furthermore, the D° decays into a K~ and one or more
pions. Because of its larger mass the kaon is slightly
more likely to get a higher momentum than any of the
pions. This results in a leading negative charge from the
positively charged ¢ quark. This can be thought of as re-
sulting from the quark cascade decay of ¢ —s with the
charge carried away by a low-momentum W.

The b quark behavior can be understood similarly as a
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quark cascade decay of b—c—s. In b jets, the leading
particles tend to be negative for the same reasons as in ¢
jets. This causes P, to be larger than P, or P, in momen-
tum weighting. However, BB, mixing has the opposite
effect and reduces P, somewhat.

The pseudorapidity-weighted jet charge effectively
weights each particle’s charge by how close the particle is
to the jet axis. A jet’s width can be attributed to either
fragmentation or decay. In light quarks, the soft frag-
mentation produces most of the width while decays con-
tribute very little. In heavy quarks, it is the other way
around since the hard fragmentation is dominated by a
single high-momentum heavy meson very close to the
original quark direction. It is the decay of that meson
which produces most of the final jet’s width. Although
they arise for different reasons, the widths of light and
heavy quark jets are nearly equal at KEK TRISTAN.
Heavy quark jets are only slightly wider. This extra
width is only sufficient to make P, and P, slightly lower
than their light quark counterparts. So, the peculiarities
of the heavy quarks seen with momentum weighting are
not as apparent in pseudorapidity weighting.

MEASURED ASYMMETRY

The measured asymmetry 4 depends upon the P and
f values and therefore upon the jet charge method used.
For the primary measurement, pseudorapidity weighting
with k=1.0 is used. For this choice, P, is larger than in
momentum weighting so A} is larger, and therefore
easier to measure. In addition, pseudorapidity weighting
is more desirable since the direction of the jet, and each
particle, can be determined quite precisely while the
momentum resolution worsens as the momentum in-
creases. That could affect the jet charge since it is the
high-momentum particles which contribute the most to
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FIG. 4. The angular distribution of the more negatively
charged jet from AMY Collaboration data. The solid line is a
fit to the data, the dotted line is a fit with the asymmetry forced
equal to zero, i.e., the symmetric case. (a) Shows the raw distri-
bution. (b) Shows the difference between the measured data and
the symmetric fit, making the asymmetry easy to discern.
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the momentum-weighted sum. A disadvantage of pseu-
dorapidity weighting is that events with hard gluon radi-
ation must be removed (with the 7 > 0.85 cut) since they
affect the pseudorapidity of the jet’s particles.

Including a charge cut requirement of AQ >0.15, a
data sample of 8262 events remains for the measurement.
The angular distribution of the negative jets is shown in
Fig. 4. It is clearly asymmetric favoring the forward
direction. Fitting a curve with the form of Eq. (5) results
in an asymmetry value of 4=9.6+1.3%. The fitted
curve is shown by the solid line and a symmetric curve is
shown by the dotted line. The fit is rather good with
x*=10.3 for 10 degrees of freedom. By comparison,
Xx*>=56 for the symmetric curve. This measurement can
be compared to the standard model with Eq. (6) using the
P, and f, values determined from Monte Carlo simula-
tion and the standard model values for the individual
quark asymmetries at the average energy of (Vs ) =58
GeV. The expected value is 10.2% if B°B° mixing is not
included, and 10.0% if it is. So, the measured value is
consistent with the standard model prediction regardless
of B°B° mixing.

SYSTEMATIC UNCERTAINTIES

The systematic uncertainties which have been con-
sidered are radiative corrections, s quark suppression,
fragmentation modeling, BB, mixing, event selection
cuts, and the charge determination method. Their con-
tributions are summarized in Table II and each will be
discussed in turn. Note that the uncertainties are quoted
as %. They are meant as a change in the asymmetry
(which is measured in %), not as a percentage change in
the asymmetry.

Radiative corrections modify the differential cross sec-
tion. These effects have been calculated by the KEK
TRISTAN theory group [8]. Radiation of a photon in
the initial or final state reduces the asymmetries of the in-
dividual quark flavors by =5%. The isolated photon cut
was primarily intended to remove events which radiate
high-energy photons (and consequently distort the thrust
axis). It is impossible to remove events which radiate
low-energy photons, so the cut only removes =~ 30% of all
the radiative events. Fortunately, however, the near can-
celing sum of asymmetries reduces the measurement’s
sensitivity to radiative corrections so the uncertainty con-
tribution is 0.7%.

TABLE II. Summary of the systematic uncertainties.

Source Uncertainty in 4
Radiative corrections 0.7%
s quark suppression 0.6%
Other fragmentation effects 0.15%
B°B" mixing 0.15%
Thrust direction and cos@ cut 0.5%
Thrust cut 0.5%
P and f values 0.7%
Total 1.4%




49 FORWARD-BACKWARD CHARGE ASYMMETRY OF QUARK PAIRS...

The determination of the charge weighting parameters
(P and f) is dependent upon the Monte Carlo event gen-
erator. Uncertainty in the suppression of s quark produc-
tion from the sea used by the Monte Carlo event genera-
tor is the dominant systematic since it affects the type of
leading particles that are formed. The s quark suppres-
sion has been measured by several experiments [9], and
their combined results are that the ratio ¥y, =0.33%0.03.
When the corresponding parameter in the event genera-
tor is changed by 10, the asymmetry changes by 0.6%
so that is taken as the uncertainty. To estimate the un-
certainties arising from the tuned fragmentation parame-
ters in the Monte Carlo model, the LUND parton shower
parameters Aqgcp and o, were varied by 10% from their
tuned values. The resulting change in asymmetry is
0.07%. Furthermore, the parameter of the symmetric
LUND fragmentation function was varied by 50% of its
tuned value. The resulting uncertainty in the asymmetry
is 0.13%. Adding these two in quadrature gives 0.15%.

B,B, mixing affects the charge identification for b
events (i.e., P,) by causing some b events to have their
charge misidentified due to mixing. That effect was in-
cluded in the standard model prediction, and was seen to
have a small effect. The uncertainty in the extent of
BB, mixing leads to an uncertainty in the asymmetry
prediction. The latest CLEO measurement [10] is
Xq=0.15710.033. Assuming Y, =0.5 (maximal mixing),
the uncertainty in Y, results in an asymmetry uncertainty
0of 0.15%.

The event selection cuts contribute significant uncer-
tainties. The thrust cut, 7 >0.85, was implemented to
remove events with significant gluon radiation (which dis-
torts the determination of the thrust direction). Since the
thrust value changes by 0.03 [full width at half maximum
(FWHM)] when the thrust is recalculated using charged
and neutral particles, 0.02 was used as an estimate of the
1o uncertainty in the thrust value. Changing the thrust
cut by that amount results in an asymmetry change of
0.5% which is taken to be the corresponding uncertainty.

The uncertainty resulting from the thrust direction is
estimated in a similar manner. Monte Carlo studies show
that the thrust direction matches the original quark
direction to within about 5° at 1o. This is smaller than
the bin size used for fitting the angular distribution so it
contributes only at the edges, i.e., in the |cost9Tl <0.65
cut. When that cut is changed by 5° the asymmetry
changes by 0.5%.

The primary uncertainty comes from the determina-
tion of the P and f values used in the charge weighting.
This is in someway built into the fragmentation uncer-
tainties discussed above, but there is also statistical un-
certainty from the number of events which have been ful-
ly simulated. This results in an uncertainty of 0.7% on
the asymmetry.

Adding these systematics in quadrature results in a to-
tal systematic uncertainty of 1.4%.

METHOD DEPENDENCE

AM is in agreement with the prediction derived from
the standard model. However, that prediction involves a
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near canceling sum of the individual quark asymmetries,
and requires the assumption of quark universality. It is
interesting now to look at the flavor dependence of the
asymmetry. As pointed out, the jet charge determination
is flavor dependent. This can be exploited to enhance
certain flavors relative to the rest. This provides a check
on the universality assumption and some information
about individual quark asymmetries.

The flavor which is most dependent upon the weight-
ing strength « is ¢. This sensitivity should be apparent in
the asymmetry. As discussed earlier, P, decreases
significantly if strong momentum weighting is used. The
lower P, will suppress the contribution of ¢ quarks to the
asymmetry sum. Since the ¢ asymmetry is positive, its
suppression should decrease the asymmetry. The P and f
values can be determined from Monte Carlo simulation
as a function of the weighting strength k. A prediction
for the hadronic charge asymmetry as a function of x can
then be made from those P and f values using Eq. (6).
Figure 5 shows the predicted asymmetry as a function of
kx for both pseudorapidity and momentum weighting.
The prediction for A exhibits the expected drop in
momentum weighting as « is increased. Pseudorapidity
weighting does not decrease as sharply since it does not
suppress the ¢ contribution as much as momentum
weighting.

To compare this prediction to the data, the asymmetry
can be measured using various values of x with either
momentum or pseudorapidity weighting. The results are
plotted in the figure and are in agreement with the pre-
diction for both methods. This suggests that the charm
contribution to the asymmetry sum is as expected. It is
important to note that the data points in Fig. 5 were all
measured using the same data sample so the errors are
correlated.

L L B

%

PP S P P

FIG. 5. The asymmetry 4/ is plotted as a function of the jet
charge weighting parameter k. The solid line shows the predic-
tion for pseudorapidity weighting. The dashed line shows the
prediction for momentum weighting. The drop as « is increased
is due to hadronization effects in the heavy flavors. The data
points were obtained from the same data sample by repeating
the asymmetry measurement using differing values of x. The
crosses are for pseudorapidity weighting, and the squares are for
momentum weighting.
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FIG. 6. The asymmetry 4M is plotted as a function of the
charge difference between jets, AQ, using pseudorapidity
weighted jet charge with k=1. The solid line is the standard
model prediction. The dashed line is the prediction with 4, =0
indicating the enhanced discernment of u-type quarks at large
values of AQ.

Another possibility to see the flavor dependence of
asymmetry is to suppress the relative contribution of the
down-type quarks to enhance the effect of the up-type
quarks. The down-type quarks can be suppressed by tak-
ing advantage of their lower charge. The quark charge
makes the distribution of the charge difference AQ be-
tween the jets of up-type events wider and shifted farther
from zero than a similar distribution for down-type
events. As a result, events with a larger charge difference
are more likely to be up type. Note that this enhance-
ment is greatly assisted by the fact that the production
rate is already much higher for up-type quarks. As be-
fore, the P and f values can be determined from Monte
Carlo simulation as a function of the charge difference to

D. STUART et al. 49

provide a prediction for 4 vs AQ. Figure 6 plots this
prediction for pseudorapidity weighting. The asymmetry
was measured for several ranges of AQ and the results are
shown in the figure. The data fit the prediction and are
obviously different from the prediction determined with
A, =0, indicating that the u asymmetry contribution is
as expected.

CONCLUSIONS

The forward-backward charge asymmetry in quark
production has been measured with 179pb ! at
(Vs )=58 GeV. The measured value is 9.6+1.3+1.4%
which is in agreement with the standard model expecta-
tion of 10.0%. The flavor dependence of the asymmetry
has been investigated by using different methods for
determining the jet charge. By varying the weighting pa-
rameter k, the relative contributions of light and heavy
quarks were varied. By varying the charge difference al-
lowed between the quark jet and the antiquark jet, the
relative contributions of up-type and down-type quarks
were varied. In each case, the asymmetry measurements
were consistent with the standard model predictions, in-
dicating that the asymmetries are correct for all flavors.
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